Highlights d Successive founder effects caused progressive loss of genetic diversity in the muskox d Evidence of strong population structure in the muskox d Extremely low genetic diversity in the Greenlandic muskox populations d Arctic mammals show striking similarities in their genetic history
SUMMARY
The muskox (Ovibos moschatus) is the largest terrestrial herbivore in the Arctic and plays a vital role in the tundra ecosystem [1] [2] [3] [4] . Its range, abundance, and genetic diversity have declined dramatically over the past 30,000 years [5] . Two subspecies are recognized, but little is known about the genetic structure and how this relates to the species history. One unresolved question is how and when the species dispersed into its present range, notably the present strongholds in the Canadian archipelago and Greenland. We used genotyping by sequencing (GBS) data from 116 muskox individuals and genotype likelihoodbased methods to infer the genetic diversity and distribution of genetic variation in the species. We identified a basal split separating the two recognized subspecies, in agreement with isolation of the muskox into several refugia in the Nearctic around 21,000 years ago [6] , near the last glacial maximum (LGM). In addition, we found evidence of strong, successive founder effects inflicting a progressive loss of genetic diversity as the muskox colonized the insular High Arctic from an unknown Nearctic origin. These have resulted in exceptionally low genetic diversity in the Greenlandic populations, as well as extremely high genetic differentiation among regional populations. Our results highlight the need for further investigations of genetic erosion in Nearctic terrestrial mammals, of which several show similar colonization histories in the High Artic.
RESULTS
In the present study we used genotyping by sequencing (GBS) to obtain SNP data from 19 muskox localities in Canada and Greenland ( Figure 1 and Table S1 ). A total of 116 samples passed the inclusion filters (Figure 1 , Tables S1 and S2, and STAR Methods). In total, this yielded data from approximately 42 million sites with an average individual depth of 4x per site (Table S2 ). We used genotype likelihood-based methods throughout because of the low sequencing depth [9] .
Genetic Population Structure and Admixture Patterns Two subspecies of muskoxen are currently recognized [10] [11] [12] [13] [14] . The Barren ground muskox (O. m. moschatus) is found in mainland Canada (Figure 1 ). The white-faced muskox (O. m. wardi) is found in the Canadian islands and Greenland. Three genetic clusters have been proposed, one of which corresponds to the Barren ground and the two others to the white-faced muskox [15] . We inferred the genetic structure using PCA and admixture analyses, confirming three main genetic lineages (Figure 2A ), which were not in agreement with the previous findings. We also found little admixture between clusters at K = 6 (the highest number of clusters for which the NGSadmix analysis converged; Figure 2B ) except the introduced population in Kangerlussuaq in West Greenland.
In agreement with the recent introduction of muskoxen into Kangerlussuaq [16] , we found that the Greenland West individuals are admixed between Greenland East South and Greenland East North, with Greenland East South as the main contributor. The admixture proportions of about 1:10 agreed with the known founding contributions from the two East Greenlandic populations [16] . We used either the seven inferred populations (six distinct natural populations and the admixed Greenland West) or a subset of three populations (CaMW, CaIN, and GrEN) representing the three main clusters in Figure 2A for the remaining analyses.
The genetic differentiation between populations estimated as pairwise F ST was extremely high, with pairwise F ST values of 0.51-0.63 between the Canadian mainland populations and the remaining populations (Table S3 ). Also, the Canadian islands and Greenlandic populations showed high F ST values of 0.40-0.42. Lower F ST values of 0.14 were found between the two Canadian mainland populations and between GrEN and GrW (Table S3 ).
Genetic Diversity and Inbreeding
Previous genetic studies on the muskox found low genetic variation across different genetic markers [5, 7, 17, 18] . Due to rapid ongoing climate change in the Arctic, this ecosystem is undergoing major changes [19] . An increased precipitation in East Greenland will influence calf recruitment and population growth negatively [20] , and increasing temperatures may lead to the emergence of new parasites in the region [21] . In the face of such major environmental changes, the ability to adapt to altered conditions will be crucial. Among other things, this ability depends on the genetic diversity in the different populations. We estimated genetic diversity as individual heterozygosity and population-wise Watterson's q and found a pattern of diversity decline along the northeastern expansion front ( Figure 3 ). The genetic diversity of the muskox was overall very low. In fact, our q estimate in the Greenlandic populations was at a similar level as the endangered Iberian lynx ( Figure S1 ), although we acknowledge that differences in methodologies challenge direct cross species comparison (see below). Genetic diversity was almost equal in genic and intergenic regions in the Canadian mainland (q CaMW_genic = 0.000227; q CaMW_inter = 0.000228) but higher in genic than in intergenic regions in the islands (q CaIN_genic = 0.000159; q CaIN_inter = 0.000144) and in Greenland (q GrEN_genic = 0.000125; q GrEN_inter = 0.000108), although not significantly so (P CaIN = 0.10; P GrEN = 0.08).
We found little evidence of inbreeding in the seven populations. Only five individuals displayed inbreeding coefficients > 0.0625 (first-cousin mating), with the highest at 0.10. The five individuals originated from Canada Mainland East and Canada Islands South. Population-wise F IS are shown in Table S3 .
Phylogeography and Population History
Based on fossil records and the relatively well-known Nearctic glacial history, two disjunct muskox populations during the Last Glacial Maximum (LGM) have been proposed: one south of the Laurentide ice cap and one north of the ice cap, possibly involving Banks Island, Canada [15, 22, 23] . This hypothesis is Sample sizes for the aggregated populations follow here: Canada Mainland West (CaMW, n = 15), Canada Mainland East (CaME, n = 20), Canada Island Southwest (CaIS, n = 12), Canada Island North (CaIN, n = 19), Greenland East North (GrEN, n = 26) and Greenland East South (GrES, n = 3), Greenland West (GrW, n = 21). See Table S1 for details about the samples. The dashed line marks the reported division between the two subspecies, O. m. moschatus (in the south) and O. m. wardi in the north. The shaded distribution area is based on refs [7] . and [8] . See also Table S1 . congruent with the morphological differences between the two subspecies but remains untested by genetic data. Using TreeMix, we estimated the population divergence history within the muskox ( Figure S2 ). We observed a clear separation into the same three lineages as identified above, with substantial drift within them as well as between them. We found migration edges connecting Canada Mainland West with the ancestor of the Canadian island populations (weight = 0.094, p < 0.001), the ancestor of Canada mainland with Canada Islands South (weight = 0.078, p < 0.001) and Greenland East North with Greenland West, although not significant (weight = 0.585, p = 0.345). We then used D-statistics to refine the divergence history and admixture estimates. The D-statistic tests confirmed the population tree; however, we found signals of differential gene flow involving the two Canadian island populations (Table S4 ). These were in accordance with geographical proximity so that the D-statistic for the tests (((CaIS, CaIN), CaMx), outgroup) was negative and the D-statistic for the tests (((CaIS, CaIN), Grx), outgroup) was positive. This indicates gene flow between the southern Canadian islands and the mainland and between the northern Canadian islands and Greenland, respectively. In addition, both (((GrEN, GrW), GrES), outgroup) and (((GrES, GrW), GrEN), outgroup) were rejected with a positive D-statistic (Table S4 ), suggesting that both GrES and GrEN share more admixture with GrW than they do with each other, supporting strong population structure at a local scale in East Greenland.
A stairway plot showed declining effective population sizes since slightly before the LGM ( Figure 4A ) except in Greenland, where the decline appeared more recent. Within the last thousand years, confidence intervals widen substantially, making interpretation less straightforward, but the Canadian island and Greenlandic populations showed increasing median population sizes in this interval, in accordance with these locations being the current strongholds of the species [8] .
We caution that the stairway plot loses power and precision back in time as a function of the number of remaining noncoalesced lineages [24, 25] . This is exacerbated by the presence of founder effects, which further limits the resolution in older parts of the population history. This may affect the Greenlandic population in particular, given the recent and extreme founder effect in this population (see below). This could explain why the stairway plot for the GrEN differed from the other populations from around 5 thousand years ago (kya) and backward, despite other results suggesting it shares its ancestry with the Canadian island population at this time. To illustrate the limitations of the stairway plot method we show the stairway plot from simulations of a rapidly fluctuating population with a strong bottleneck in Figure S3 .
The fastsimcoal2 results supplemented the results from the stairway plot analyses and suggested that the Canada mainland and island population diverged z21 kya ( Figure 4B ; Table S5 ), whereas the Canada island and Greenland population diverged z2 kya. Current effective population sizes were low: 2,410 individuals for Canada Mainland West, 3,755 for Canada Islands North and 164 for Greenland East North. Furthermore, our results showed that the effective population size for Greenland East North could have recently been as low as 3-150 individuals (Table S5 ). Likelihood estimates favored the most complex model, which included a recent population expansion after a bottleneck 100 generations ago (model1). The slightly simpler model without the recent growth phase (model2) was only marginally less supported, but an AIC test confirmed that model1 was significantly better (see STAR Methods). A model without population size changes was strongly rejected according to the estimated likelihood scores (model3). The demographic signal was therefore one of a sustained decline across the range since the LGM and successive founder effects along the northward expansion front.
DISCUSSION

Genetic Signatures of High Arctic Colonization
We found strong structure in the muskox, notably between three main lineages comprised of the Canadian mainland, Canadian islands, and Greenlandic populations. Among-lineage differentiation was high, and the F ST values of up to 0.63 between Canadian mainland and Greenlandic populations are to our knowledge the highest ever reported for conspecific animal populations.
In concert with the observed gradual decline in genetic diversity along a northeastern cline, the structure results clearly showed the signature of genetic drift as a consequence of A B successive founder effects. Our results show that the Nearctic archipelago was gradually colonized from an unknown origin, and we find evidence of at least two founder effects: one representing the colonization of the Canadian islands and one representing the subsequent colonization of Greenland. Our analyses do not allow us to identify the geographic origin of the ancestral muskox populations; however, they support the two-refugia hypothesis for muskox persistence during glacial times [15, 23] . Although the location of such refugia must remain speculative, our results indicate that full isolation between refugial populations occurred around the LGM (18.9-31.2 kya; Table S5 ). This agrees with climate reconstructions showing complete glacial separation of a northern and a southern muskox population at least as long as 21-12 kya [26, 27] . We are, however, unable to reject an alternative hypothesis that the extant muskox populations all derive from one or more refugia north of the ice sheet. A third alternative hypothesis-that the muskox followed the retreating ice cap in a unidirectional manner from a single, southern point of origin in the North American mainland-is unlikely, as the Laurentide ice sheet would not have permitted a northward expansion of the southern muskox populations until about 12 kya at the earliest [28] . The divergence time we estimate is not compatible with such a late event.
The overlapping colonization routes (termed the ''Muskox Way'' by ref [23] ) followed by the muskox, the caribou [27, 28] , and humans [29] into the Neartic suggest overlapping ecological or habitat dependencies, and all these species have reduced genetic diversity in High Arctic populations. Another shared feature is the repeated cycles of colonization and local extinction [30] [31] [32] . The oldest dated remains of muskox in Greenland are from ca. 5.4 kya [5, 33]. We estimated that the current Greenlandic population did not diverge from the Canadian island population until about 2.0 kya (1.7-2.7 kya; Table S5 ). Our results may therefore suggest that the muskox living in East Greenland today do not descend from the first immigrants into northern Greenland, but rather from an event at least 3,000 years later (contingent on the estimation uncertainty, see STAR Methods). Accordingly, muskox remains in northern and eastern Greenland group into three discrete time periods, suggesting local extinction-recolonization cycles [34] .
Conservation Implications
We found very low genetic diversity in the muskox, confirming previous estimates based on microsatellite and mtDNA data [7, 17, 35] . Muskox genetic diversity could be on par with the lowest observed for mammals ( Figure S1 ), including species that are known to be vulnerable to pathogens (e.g., the cheetah, Acinonyx jubatus [36] ), and extinct populations such as the Altai Neanderthal, which had accumulated deleterious mutations in its genome, possibly contributing to its extinction [37, 38] . Overall, the genetic diversity of the Greenlandic muskox populations could be close to the threshold at which negative effects on fecundity and viability occur. We observed a smaller ratio of intergenic to genic diversity in the Canadian islands and Greenland, suggesting less efficient purifying selection on deleterious alleles in these bottlenecked populations; however, this awaits further investigation. Despite this, the rapid population increase in the introduced West Greenlandic population (STAR Methods) suggests no immediate limitations in fecundity and survival. Rather, the capacity of sustaining population growth rates of up to 20% per year under favorable conditions may explain how the muskox has been able to successfully colonize a region where climate-induced population bottlenecks are frequent. However, recent studies suggest that muskoxen carry an increased parasitic load when temperatures increase [21] , and it will be a particular conservation priority to investigate how the genetically impoverished muskox populations cope with such increases in pathogens [1] .
Despite the major evolutionary differentiation between Barren ground and white-faced muskoxen, post-divergence-albeit not recent-gene flow was detected, suggesting a lack of isolation of the gene pools. Further work is needed to assess whether differential selection have resulted in distinct adaptations that could lead to outbreeding depression. For example, animals translocated from Greenland to Alaska may soon come into contact with the native populations in mainland Canada near the MacKenzie River [21] , and this secondary contact zone should be closely monitored for signs of outbreeding depression.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
One hundred and ninety samples from the current native range of the muskox (Canadian mainland, Canadian islands and Northeast Greenland, see Figure 1 ) were included in this study. Samples from Canada were collected in 1996-1998 by PJVCDG or provided by the Department of Environment (Government of Nunavut -GN) Conservation Officers from Inuit harvesting activities. Samples from Greenland were provided by the Arctic Research Centre, Aarhus University and collected in 1995-1997 and 2013-2014. Due to the heterogeneous quality of input tissue, a high proportion of samples had to be discarded at various stages of the data filtering (see below for filtering steps). Table S1 shows sample information for the 116 samples remaining after filtering. Figure 1 shows the sampling locations and the seven inferred regional populations, colored as assigned in the PCA analyses (see Results section). Population genetics of non-model organisms is often challenged by the lack of existing genetic resources or markers [47] . Genotyping-by-Sequencing (GBS) is an attractive option in such cases [48] , and a growing number of studies use GBS methods to deliver new insights into non-model organisms. This method captures sites surrounding restriction enzyme cut sites, followed by sequencing at relatively low depth.
METHOD
The 190 DNA samples were sent for GBS sequencing at the Biotechnology Resource Center (BRC), Institute of Biotechnology, Cornell University. The six base-cutter EcoT22I digestion enzyme was chosen for digestion, as it had optimal performance in terms of sequence coverage. Library preparation, sample pooling and sequencing were carried out by using the standard GBS procedure of the Institute of Biotechnology, Cornell University [48] .
QUANTIFICATION AND STATISTICAL ANALYSIS
We filtered the sequence reads as follows: Using the function ''process_radtags'' in Stacks [39, 40] we de-multiplexed the sequences according to barcodes. Reads with low quality scores or uncalled bases where removed, while barcodes with sequencing errors were rescued with the '-r' option. Using FastQC [41] for quality assessment of the data we found that some samples contained high levels of adaptor and overrepresented sequences, identified as an Illumina Pair-end PCR Primer 2 (also used in single end sequencing [49] ). The reason for the large amount of adaptor and the primer sequences is probably degradation or fragmentation of the DNA molecules, combined with the absence of a DNA fragment size selection step in GBS [48, 50] . Theoretically, GBS data can be expected to be more susceptible to adaptor content than other similar techniques such as RADseq, due to the lack of a size selection step [50] . The sorted and filtered reads were mapped to the sheep genome from the International Sheep Genomics Consortium (Oar_v4.0), using the Burrows-Wheeler Aligner [42] .
It has been shown that genotyping at low sequencing depth has a bias toward overcalling or under-calling heterozygotes [47, 51] . The average depth of coverage in our dataset was 4.0 3 per site per individual, hence -as expected -too low to confidently call genotypes. Therefore, we analyzed the GBS data without calling genotypes, using the software ANGSD [9] to work directly on the genotype likelihoods. ANGSD is particularly well suited to datasets where the depth is low and variable between samples [43] . We excluded samples with less than 50,000 mapped reads, samples with exceptionally high inferred error rates, and some samples which had been stored sub-optimally and showed aberrant levels of heterozygosity (see filtering steps below).
Genetic diversity
We calculated the heterozygosity per site in each individual in each population as a measure of genome-wide genetic diversity [52] . For this we required that a site was covered at least twice in an individual to include it in the estimation. Heterozygosity was estimated using the single-individual SFS and taking:
where N het is the number of heterozygous genotypes, N homo(anc) is the number of homozygous genotypes for the ancestral allele and N homo(derived) is the number of homozygous genotypes for the derived allele. We also estimated Watterson's q = 4Nm as a measure of genetic diversity in three populations, CaMW, CaIN and GrEN. This involves first estimating the folded site frequency spectrum (SFS) in each population using ANGSD, and then using this SFS as a prior in an empirical Bayes approach to estimate q per site. These values are then combined for each chromosome, and we plot the median value across all autosomes in Figure 3 . To compare the genetic diversity between different annotation regions in the genome we aligned the raw data to the annotated sheep reference genome Oar_v3.1, and performed the q estimation separately on regions listed as ''gene'' in the Ensembl annotation and on their complement. In estimating q we required read data from at least 5 individuals in the population to include a site. We also used the same ANGSD data quality filters as elsewhere.
GBS estimates of genetic diversity
It should be noted that low depth GBS data may not produce accurate estimates of genome-wide diversity, primarily because of the presence of null alleles due to mutations in the restriction site [53, 54] . This will cause allelic dropout and an underestimation of heterozygosity. However, several lines of evidence suggest that GBS data produces diversity estimates that are approximately correct.
1. Mutations in the restriction sites will be less common in species with low genetic diversity [53, 54] , and under the magnitude of q inferred here (around 1À2 3 10-4) allelic dropout is expected to be negligible [53, 54] , so we anticipate that allelic dropout will not have a major influence on the estimated gene diversity in the muskox. 2. A comparison between GBS and SNP genotyping arrays in cattle (which have much higher genetic diversity than muskox, see Figure S1 ) reported very high genotyping concordance of up to 100% [55] . The same was observed in a study on soybean [56] , where a 98.4% concordance rate between GBS and resequencing data genotypes was observed with basic filtering. Finally, one recent study compared genotype calling in three crop species: soybean, barley and potato, and found 94%-99% concordance between GBS data and either whole genome sequencing or SNP chip genotyping [56] . 3. A very similar SNP calling rate has been found in GBS [57] and Sanger sequencing [58] in cattle.
To further assess the accuracy of our diversity estimates we downloaded GBS data from a single Yoruba individual (NA18508) from ref [59] . We aligned the data to the human reference genome (hg19) and used ANGSD to estimate the heterozygosity of this individual. No additional filtering was done, except applying the same base and mapping quality filters as for the muskox data, and requiring a minimum depth of two reads per site. The aligned data consisted of 776,439,045 positions (395,964,617 after ANGSD filtering) sequenced to an average depth of 5.3 3 (comparable to the muskox sequencing depth, but considerably more sites). The heterozygosity estimated for this dataset was 0.00099. We compared this value to the estimated heterozygosity from 1000 Genomes data from the same individual [60] . We used ANGSD to produce this estimate in the same manner as above, yielding a genome wide heterozygosity of 0.00084, meaning that the GBS estimate was 19% higher than the genome wide value. The average heterozygosity for Yoruban individuals has been estimated at 0.00095 [44] . To assess the impact of the number of sites, we randomly subsampled the GBS data from NA18508 to create datasets of 1.5 and 4.5 megabases (about 1/3 and equal to the muskox data, respectively). This yielded heterozygosity values of 0.00104 and 0.00096, respectively. In conclusion, we show that low-depth GBS data is unlikely to produce heterozygosity estimates that deviate significantly from the true genome wide value, even in a species (human) where diversity is an order of magnitude higher than in the muskox. We therefore compared our diversity estimates (Watterson's q) with genome-wide measures from the literature ( Figure S1) [46, [61] [62] [63] [64] . We note that even disregarding GBS specific issues, such comparisons are sensitive to differences in data quality and type, filtering and analysis method and should therefore be regarded as qualitative.
Genetic structure and admixture patterns
To infer the number of populations in our data and investigate potential recent admixture between populations we used NGSadmix, an extension of ANGSD. NGSadmix infers population structure and individual ancestry using genotype likelihoods from NGS data [43] . NGSadmix provides no leverage for assessing the best-fitting K value [65] . We tested successive K (number of populations) for convergence by running the analysis 100 times. If the top 5 highest likelihoods for a K were within 2 likelihood units, the K was said to converge and therefore accepted in our analyses. Using this approach, we take an ad hoc approach to interpret different values of K and assume that all K values that converge convey meaningful information about the structure.
To further examine and illustrate the genetic differentiation between individuals we performed a principal component analysis (PCA) [66] . PCA displays the major trends in the genetic variability among individuals and can reveal the relative differentiation between genetic clusters. The PCA analysis was made using ANGSD.
The NGSadmix and PCA analyses allowed us to delineate a number of prospective muskox populations (here loosely defined as geographically coherent groupings of individuals that show unique ancestry patterns). To investigate the level of genetic differentiation between these populations we used Wright's F ST -statistics. We used a modified version of the ANGSD F ST estimator based on Hudson's F ST [67] as presented by ref [68] . We used the two-dimensional Site Frequency Spectrum (2dSFS) [69] to estimate pairwise F ST values. Before estimating the SFS we did a Hardy-Weinberg filtering step because initial analyses revealed an overrepresentation of sites with an approximately even distribution of the two alleles, which in most cases turned out to be sites where all individuals had reads with both alleles. Sites with such allele distributions can be caused by spurious alignment, repetitive or paralogous regions etc [45, 70] . Therefore, we applied the ANGSD HW test in each population, and sites with a Bonferroni corrected P-value below 0.05 were removed for all remaining analyses. We did not include GrES in the pairwise F ST analysis due to a low sample size (n = 3), however given the close genetic affinity between Greenland West and Greenland East South (Figure 2) we argue that the values for the former are representative of the latter. For all populations we estimated the inbreeding coefficient (F) per individual using the program ngsF, which is an extension of ANGSD using genotype likelihoods [71] .
Phylogeography and population divergence
Using TreeMix [72] we inferred the tree topology and population splits and estimated the amount of relative genetic drift within populations. To avoid the possible bias inherent in calling genotypes in low-depth data we sampled a single read at each position from each individual and used these to estimate allele frequencies in each population. We removed all sites where the minor allele was observed only once in the data and sites with missing information from R50% of the samples. We considered a site missing from an individual if it was outside the 1-10x depth interval. We added outgroup allelic information for the included sites from the sheep reference genome. This data was converted to PLINK format [73] , stratified in populations (defined as mentioned above) and subsequently converted to TreeMix format. We ran the analysis 100 times for each of 0 -4 migration edges (m) and retained the tree with the highest likelihood for each m. We used jackknifing to estimate the standard error and P-value for each migration edge as recommended [72] .
To gain a more detailed insight into the phylogeographic history we performed a series of D-statistic tests [74] between all populations using doAbbababa2 in ANGSD. These tests allow further insights into the tree topology and can identify populations connected by recent or ancient gene flow. We used the sheep reference as outgroup, excluding scaffolds below 20mb in length, and used genome blocks of size 20mb for jackknifing. This resulted in 114 genome blocks for jackknifing in each test.
Demographic history analyses
We used the program Stairway plot (version 2) [24] to infer the population demographic history of the muskox. The stairway analysis was performed on three populations representing the three main lineages: Canada Mainland West, Canada Islands North and Greenland East North. These three populations are representative for each of the three main lineages in the muskox, see the main text. The program aims to infer the population size changes back in time, based on an estimated SFS per population. All stairway plots were constructed using folded SFS, as the ancestral muskox allelic state was not accessible. We assumed a mutation rate of 10 À8 mutations per site per year, as also used by ref [75] . in a study of the demographic history of Welsh sheep. An 8-year generation time was used based on life history observations in female muskoxen (Niels Martin Schmidt, unpublished data). These include an estimated survival rate of 0.5 for the first year and an annual survival rate of 0.9, with a maximum lifespan of 18 years. The first calf is born after three years and reproduction continues throughout life with one calf born every second year. We assume an equal sex ratio, so on average a female gives birth to a female offspring every second year with the probability of 0.5. We note that previous studies have applied a much lower generation time of two years [5, 6], but we find this to be incompatible with the life history outlined above. In support of our substantially higher generation time, a large meta-study of mammalian generation times estimated that of the muskox to be 9.8 years [76] . The absolute dating and values of N e are contingent on the accuracy of these estimates. However, this does not impact the relative values among populations.
To further investigate the stairway plot properties in the presence of both founder events and rapid population size fluctuations, we simulated a single population of size 500 diploids in the present, which fluctuated between 500 and 5000 individuals at 100-generation (800 year) intervals. At 1100 generations (8800 years) back in time, these fluctuations stop and at 2000 generations (16,000 years) there is a single founder event where the population becomes 10 times smaller forward in time. We used fastsimcoal2 [77] to simulate a folded SFS from 200,000 fragments of 100bp, similar to the GBS data, using this history. We then used the stairway plot program to infer the population size history from this simulated SFS using identical settings as for the real data. Based on the results from the stairway plot analysis we performed another SFS-based analysis of demographic history using fastsimcoal2 version 2.6 [77] to maximize the fit between the observed and simulated SFS under different parameter values. To do this we first estimated the global major allele across the same three populations used in the stairway plot and estimated the unfolded (with regards to the major allele) three-dimensional SFS (3dSFS) among the three populations using ANGSD [9] . This was used as the observed 3dSFS in fastsimcoal2 as recommended in the manual when the ancestral allele is unknown [77] . For the fastsimcoal2 analyses we explored three different models based on the results from the stairway plot and other analyses. Here we describe each model: model1: population decline in all three populations starting at T2 (for CaMW and CaIN) and at T1 (for GrEN). Divergence between CaMW and CaIN/GrEN at T2. Divergence between CaIN and GrEN at T1. Instantaneous change (expansion) in population size for all three populations at 100 generations before the present. model2: as model1, but no population size changes 100 generations ago. model3: as model1, but no population size changes at any time.
The search ranges of parameter values for model1 are given in Table S5 . The same ranges were used for the remaining models. In addition, we explored several other models inspired by alternative hypotheses. These included a variant of model1 where T1 (the divergence between the Canadian island and Greenlandic population) was fixed to 5.4 kya, as per the earliest known muskox fossil in Greenland; a model1 variant where T2 was more recent than in model1; a model1 variant with a wider range of T2 values (same minimum, but maximum 10,000 generations rather than 5000); a model1 variant with a wider range of T2 values (same minimum, but maximum 10,000 generations rather than 5000). The two former models were not supported by likelihood values (range À77,472 to À76,879 and À77,548 to À76,822, respectively), and the latter more inclusive model1 yielded very similar estimates of T2 as the narrow-range T2 version of model1, and it was therefore excluded here.
For each model 100 EM optimizations were run. We plotted the estimated likelihood distribution across these 100 runs to see if the different models overlap, and performed an AIC model test between model runs with the highest estimated likelihood. From the chosen model we used the run with the highest estimated likelihood as a point estimate of the model parameters and used these parameter values to do 100 parametric bootstraps of parameter uncertainty [77] . The range of estimated likelihoods of each model across 100 replicate runs was: -76,905 to -76,604 (model1), -77,327 to À77,151 (model2) and À78,051 to À77,975 (model3). These analyses show that model1 is a reasonable fit among a realistic set of candidates to the actual demographic history of the muskox.
Loss of genetic diversity due to founder effects or bottlenecks
It is noteworthy that the East Greenlandic muskox populations-with the lowest gene diversity of all-was the main source of muskox translocations to West Greenland, Scandinavia, and Alaska [7] . Establishing small founder populations from an already genetically depleted population may be problematic due to a risk of increased genetic load. However, observations from two introduced populations highlight an important point. The populations in Scandinavia had reduced genetic diversity compared with the East Greenlandic populations [7] . We show that this is not true for the West Greenland population (Figure 3) . This was not observed by ref [7] , but we argue that there was a large Wahlund effect in their study coming from the lumping of two clearly distinct (see Figure 2 ) populations -which was also suggested in ref [78] . The relatively large F ST value between GrW and GrEN (Table 1 in their paper) corroborates that GrEN and GrES are genetically differentiated, given that there was almost no founder effect in GrW (see below). This would reconcile the apparent discrepancy between Table 2 in ref [7] and our Figure 3 .
The different magnitude of the observed founder effects in the West Greenlandic and the Scandinavian muskox populations is explained by the demographic trajectories following introduction, see below. Inbreeding depression has been proposed in the Swedish populations [79] but there is no evidence for this in the West Greenlandic population (see below). In addition, population growth in the Scandinavian populations has been lower than in the Alaskan and Greenlandic introduced populations (ref [79] ; see below).
Below we estimate the impact on genetic diversity of the observed population dynamics in two introduced muskox populations, that of West Greenland and that of Norway.
